In SPECT, noise is one of the major limitations that degrade image quality. To suppress the noisy signals in an image, digital filters are most commonly applied. However, in SPECT image reconstruction, selection of an appropriate filter and its functions has always remained a difficult task. In this work an attempt was made to investigate the effects of varying cut-off frequencies and in keeping the order of Butterworth filter constant on detectability and contrast of hot and cold regions images. A new insert simulating hot and cold regions which provides similar views in a reconstructed image was placed in the phantom's cylindrical source tank and imaged. Tc-99m radionuclide was distributed uniformly in the phantom. SPECT data were collected in a 20% energy window centered at 140 keV by a Philips ADAC Forte dual head gamma camera mounted with a LEHR collimator. Images were generated by using the filtered backprojection technique. A Butterworth filter of order 5 with cut-off frequencies 0.35 and 0.45 cycles•cm −1 was applied. Images were examined in terms of hot and cold regions, detectability and contrast. Results show that the hot and cold regions' detectability and contrast vary with the change of cut-off frequency. With a 0.45 cycles•cm −1 cut-off frequency, a significant enhancement in contrast of cold regions was achieved as compared to a 0.35 cycles•cm −1 cut-off frequency. Furthermore, the detectability of hot and cold regions improved with the use of a 0.45 cycles•cm −1 cut-off frequency. In conclusion, image quality of hot and cold regions affected in a different way with a change of cut-off frequency. Thus, care should be taken in selecting the filter cut-off frequency prior to reconstruction of images; particularly, when both types of regions are expected in the reconstructed image.
Introduction
In clinical single photon emission computed tomography (SPECT), the quality of an image plays a significant role in diagnosing abnormalities and in the proper management of patients. However, the image quality is limited by a number of reasons; among them is noise [1] - [5] . Therefore, it is essential to carefully tackle this issue. Usually SPECT images are reconstructed using filtered back projection and iterative techniques where the filtering is an important part of the image reconstruction process for addressing noisy signals which affect the quality of images to a greater extent [6] . In this regard, a variety of mathematical filters have been applied for various purposes, e.g., removal of star artifacts, statistical noise reduction, signal enhancement and restoration of image resolution. Generally, filters are categorized as high pass and low pass frequency filters. High pass filter, e.g., ramp filters do not allow low frequencies resulting in the rise of blurring effects in image. These filters sharpen the edges of images, but, amplify the statistical noise present in the raw data of the image [7] . In order to overcome the problem of amplification of high frequencies, a ramp filter is combined with the low pass filters. Low pass filters suppress high frequency signals and permit low frequency signals which result in smoothness in the reconstructed image. Hence, these filters are also known as smoothing filters. The disadvantage of low pass filters is a decrease in image contrast.
Furthermore, low pass filters are described by two functions, e.g., cut-off frequency and order. Cut-off frequency is the frequency above which the noise is removed. The image noise, resolution, and overall image quality are affected by the value of the cut-off frequency which represents the maximum frequency the filter will allow. Adjustment of the high cut-off frequency improves the spatial resolution but the image appears noisier as compared to the selection of a low cut-off frequency. In contrast, a low cut-off frequency provides a smoother image at the cost of contrast. The cut-off frequency roll off is controlled by the order of the filter which characterizes the steepness of the roll off. A higher order results in a sharper fall. However, both functions have a significant role to play in achieving a better quality image [5] - [7] .
These filters are basically mathematical functions applied to an image's matrix in the frequency domain. With mathematical filters many of noisy signals are removed and true signals are retained within the range of the frequency [8] . When they are applied to the data, some useful signals whose frequencies match the noisy signals are also suppressed. Thus, choosing an appropriate cut-off frequency and filter order to achieve optimum filtration is a difficult task [2] [9] [10] .
SPECT clinicians' decision making ability to diagnose diseases accurately, providing best possible care and proper management of patients are supplemented by the best quality reconstructed images. Achievement of optimum quality images depends upon many factors, e.g. accurate processing of the image raw data [11] . SPECT data processing or reconstruction of images employs the filtration of noisy signals which is one of the main problems that this imaging modality inherits. The noise is reduced or suppressed by a number of mathematical filters. Application of these filters on the SPECT raw data recover the details of scanned objects in reconstructed images. It is always wished by the clinicians to achieve an ideal image or true duplicate copy of the object/organ under clinical investigations in order to enhance diagnostic accuracy and specificity. Unfortunately, it is impossible to retrieve all the information about the three dimensional objects/organs with the most commonly applied mathematical filters (e.g. Butterworth filter) applied in conjunction with image reconstruction techniques (e.g. Filtered back projection). Literature shows that there is no single universally accepted filter with its constant parameters (cut-off frequency and order) for the use in all clinical SPECT studies. Manufacturers supply a number of filters with their functions as default with all SPECT imaging systems. However, in practice one type of filter with a fixed cut-off frequency and order (particularly cut-off frequency) cannot be used for patient studies, such as, cardiac, liver, bone, brain, etc. [6] .
As a matter of fact the accuracy of the results of mathematical filters is affected by the type of object/organ, size, the type of defect (hot and/or cold) & size and count density in the image data. SPECT images suffer from low count density and non-uniform spatial distribution of radioactive material. Thus, application of single cut-off frequency filter to the data of different types of regions (hot and/or cold) with various sizes would show an enormous impact on the detectability, shape, contrast and resolution in the final reconstructed image. Keeping in view, the change in image quality by varying cut-off frequency of Butterworth filter, reconstructed images of a new hot and cold regions insert (explained in Section 2.1) was studied. Hot and cold regions insert was constructed in such a way, that gamma camera can view both types of regions in a similar fashion from each angle of data acquisition. Thus, the design facilitates an easy and fair comparison of both types of images in terms of any effect of the change in filter parameters.
This work investigates the effects of a cut-off frequency of the Butterworth filter on the quality of hot and cold regions image pairs (a pair of hot and cold region (each) of same size) of different diameter with similar transverse views. The filter has been studied in terms of varying cut-off frequency values while keeping the order constant, considering the cut-off frequency is very important and the influence of the order chosen for the image quality is less significant [6] - [8] [12] . The reason to the Butterworth filter frequency (0.35 cycles•cm −1 ) was chosen for this research was that it is widely used for almost all clinical SPECT studies with order 5 in the department where the study was conducted. Also, in this work, we have selected another cut-off frequency value (0.45 cycles•cm −1 ) to determine the effects of changes to cut-off frequency on the hot and cold regions' detectability and contrast. The Butterworth filter in the frequency domain is described by Equation (1). 2 1 Butterworth
where f c is the cut off frequency and n is the order of the filter.
Materials and Methods

SPECT Data Collection
A Philips ADAC forte dual head gamma camera was used with Pegasys software installed for data collection, reconstruction of image, display and analysis. A new insert (as shown in Figure 1 ) of hot and cold regions for emission computed tomography (ECT) resolution test phantom was scanned [13] . is 208 mm. Base plate-acrylic (5 mm thick) attached with hot regions block with four acrylic pins 5 mm long and 10 mm diameter between the hot and cold regions blocks for water/radioactive solution to pass through and distribute properly throughout the tank. The other end is attached with an acrylic plate (5 mm thick) to hold the acrylic rods. It should be noted that, the advantage of this new insert is that it provides similar transverse views of both types of regions (hot and cold) in the reconstructed image. Thus, images obtained by scanning this phantom by using different filter functions can easily be analyzed and compared. The phantom tank was filled with saline water and was left overnight so air bubbles could dissolve. A solution of Tc-99m (20mCi) was carefully injected into the tank and was left for some time to make sure that the radionuclide was evenly distributed throughout the water before the data collection. The phantom was positioned on the scanning table with its long axis parallel to the collimator and in the centre of the field of view (FOV) of gamma camera. Data were collected by installing a low-energy high resolution (LEHR) collimator in a 128 × 128 matrix. A symmetrical standard energy window was adjusted (20% centered at 140 keV). Ninety projections (20 seconds per projection) were selected to acquire the data over 360 degrees.
SPECT Image Reconstruction
The transverse images of hot and cold regions were produced using a Filtered back projection (FBP) image reconstruction technique which is fast, easy to implement and most widely applied in SPECT [14] . Chang's attenuation correction technique was applied for compensation of the absorption of gamma photons within the phantom. Data were not corrected for scattered photons therefore; a linear attenuation coefficient value of 0.11/cm [15] was selected instead of 0.15/cm for water for 140 keV gamma photons energy. The raw data were corrected for uniformity and center of rotation (COR). Two cut off frequency values 0.35 and 0.45 cycles•cm −1 of order 5 were selected during the reconstruction process. All images were saved in GIF format for off line processing and analysis.
Image Analysis
In this study, image quality of reconstructed images was analyzed visually, by looking at the shape of hot and cold regions and their detectability. From quantitative analysis point of view, contrast of both regions was measured. For qualitative and quantitative analysis, 53rd and 42nd transverse image slices of hot and cold regions were chosen, respectively, based upon the visual examination of all reconstructed transverse image slices. In this regard, three researchers having more than five years work experience in the department of nuclear medicine imaging were engaged. Also the hot and cold region images were retrieved in an ImageJ (Version 1.50f-an open source image processing software) [16] environment for image contour analysis. Moreover, all individual images were displayed by selecting the similar image display parameters to avoid any inconsistency. As well as, more than one image in a single window was displayed for easy comparison and analysis purposes.
Hot regions' contrast was measured by applying Equation (2) . Regions of interest (ROIs) were drawn using the software available with the imaging system mentioned earlier in the materials and methods section. Several circular shaped ROIs (according to the size of the region) were drawn and placed inside the hot region image to record the count density (D region ). A large irregular ROI was drawn for measuring the background count density (D bkg ); care was taken to avoid the overlapping of hot regions. All ROIs were copied and pasted onto the hot regions of next transverse image slice to maintain the uniformity.
Contrast of cold regions was calculated using Equation (3). Regions of interest were drawn similarly as the hot regions contrast measurement.
where D region is the mean count density in the hot and/or cold region and D bkg is the average count value in the adjacent area or the background area of the hot and/or cold region.
Statistical Analysis
All measured values of contrast of hot and cold regions obtained from images reconstructed with a 0.35 cycles•cm −1 and a 0.45 cycles•cm −1 cut-off frequency and an order 5 were repeated for three times each. Oneway ANOVA test of significance (p < 0.05) was used to assess the difference between the contrast values.
Results
The goal of SPECT is to obtain a better image quality for accurate diagnosis of the disease. This study investigated the influence of varying cut-off frequency with a constant value of order of Butterworth filter on hot & cold regions of different sizes at various locations into the phantom with similar transverse views as shown in Figure 2 . Reconstructed images were analyzed visually, i.e., the regions' detectability, distortion of region's shape (contour analysis) and quantitatively by measuring the hot and cold regions contrast. 22.6 mm, 18.1 mm and 14.5 mm can be seen clearly (excluding the largest pair) and the presence of a fourth pair in the image can be noticed. As for as concerns the shape of hot regions an almost circular shape of the first two pairs (top) of hot regions can be observed as compared to the third pair. Furthermore, there is less blurring around the hot region's pairs of diameter 22.6 mm and 18.1 mm thus, the gap between them can be seen more clearly. However, the space between the other smaller hot regions cannot be observed, due to the presence of noise. Figure 3(b) illustrates a transverse image slice of hot regions obtained with a 0.45 cycles•cm −1 cut-off frequency of order 5. In this case, four pairs-fourth pair indicated by thick white arrow (excluding the largest pair) of hot regions of diameter 22.6 mm, 18.1 mm, 14.5 mm and 11.6 mm are visible with an eyeball's judgment compared to the image produced using a 0.35 cycles•cm −1 cut-off frequency. Moreover, hot regions in the image obtained by using higher cut-off frequencies are also in a circular shape, sharper and clearer (18.1, 14.5 and 11.6 mm diameter) compared to the image shown in Figure 3(a) . However, the fourth pair is blurry and connected as shown in Figure 3(b) .
Visual (Contour) Analysis of Hot Regions Image
Furthermore, the overall image quality is improved; three pairs of hot regions are seen separately (space between third pair is shown by thin white arrow) compared to the 0.35 cycles•cm −1 cut-off frequency image, though there is appearance of noise in the background. In addition to that, the location of the fifth pair can be identified which reflect the enhancement in the region detectability. Remaining smaller hot regions are undetectable.
Hot Regions Contrast Analysis
For contrast measurement three pairs from images shown in Figure 3 (a) and Figure 3 (b) were included because of their clarity and the ease in fixing the ROI inside the hot region. However, it was difficult to place the ROI on the fourth pair due to unclear edges. Therefore it was excluded from contrast calculations. In addition to that, contrast of only one hot region of the pair was measured because of the same size. Figure 4 shows the hot regions image contrast when 0.35 cycles•cm −1 cut-off frequency was applied and the contrast values for hot regions of diameter 22.6 mm, 18.1 mm and 14.5 mm were 81%, 85%, and 71%, respectively. Whereas, the measured contrast values for hot regions of diameter 22.6 mm, 18.1 mm and 14.5 mm with 0.45 cycles•cm −1 cut-off frequency were 82%, 87%, and 72%, respectively. Generally, marginal improvement in contrast with the increase of cut off frequency has been achieved, i.e., selecting a 0.45 cycles•cm −1 cut-off frequency as compared to a 0.35 cycles•cm −1 cut-off frequency.
Visual (Contour) Analysis of Cold Regions Image
The effects of cut-off frequency of the Butterworth filter on cold region images as shown in Figure 5 were investigated using visual analysis. It can clearly be seen that image in Figure 5 is smoother than that from the high cut-off frequency (0.45 cycles•cm
) image presented in Figure 5(b) . Also, fewer cold region pairs (three pairs from top-excluding the largest pair) of size 22.5 mm, 18.0 mm and 14.4 mm diameter can be viewed when a low cut-off frequency filter was selected. In the image shown in Figure 5 (b) there are three clearly spaced and detectable cold region pairs (22.5 mm, 18.0 mm and 14.4 mm diameter) and one region of the fourth pair detached from the other fellow region, i.e., 11.5 mm diameter (the largest pair situated at the sides opposite to each other at 180 o is excluded). Moreover, the gap between each cold region pair reflects the less background noise in image as shown in Figure 5(b) relative to the image depicted in Figure  5(a) . However, the shape of detectable cold regions appears oval as compared to image in Figure 5(a) . Concerning the improvement in detectability of cold regions pairs, more pairs can be viewed in a reconstructed image when applying a 0.45 cycles•cm −1 cut-off frequency as compared to 0.35 cycles•cm −1 cut-off frequency.
Cold Regions Contrast Analysis
For contrast measurement only two pairs of cold regions from the image shown in Figure 5 (a) and three pairs from the image shown in Figure 5 (b) were included because of their sharper boundaries compared to those of the remaining cold regions. In this case the largest cold region pair was not included. Figure 6 shows the contrast values of cold regions (all contrast values are measured as negative but they have been presented in the graph as positive for the sake of simplicity). The measured contrast of cold regions from the image that was reconstructed using 0.35 cycles•cm −1 cut-off frequency sized, 22.5 mm and 18.0 mm diameter is 56% and 41%, respectively. However, contrast of cold regions calculated from the image obtained by applying a 0.45 cycles•cm −1 cut-off frequency was 65%, 46% and 32% for cold regions of diameter 22.5 mm, 18.0 mm and 14.4 mm, respectively. A significant improvement was achieved in the contrast of cold region images when a higher cut-off frequency was applied during the image reconstruction process.
Discussion
The choice of filter and selection of its functions is generally subjective and investigational. There is no single optimized/standardized filter that can be used for all routine SPECT clinical examinations. In addition, the selection of filter in SPECT reconstruction depends on many factors, for example, type of patient study (type of organ), energy of gamma ray photon, image count density, dose administered into the patient, statistical noise, amount of background noise, type of collimator and the information desired by a clinician as well as the preference of the interpreting physician in routine clinical studies [2] [7] [17] . Thus, it is difficult to select a filter and its functions as a "filter of choice".
The most important objectives of filtering the SPECT raw data are to suppress noise, improve image quality, enhance the edges of target organ and recover image resolution. Consequently, accuracy in the diagnosis of diseases is achieved and therefore, best patient care can be provided. Our study explored the effects on detectability, shape and image quality of hot and cold regions' pairs with different sizes and at different locations in the phan- tom by choosing different cut-off frequency values of Butterworth filter. The reason for the selection of this filter is that it is most commonly used in SPECT imaging. It is imperative to mention that the design of the cold and hot regions' insert provide similar transverse views of both types of regions which facilitates the analysis of images and uncover any differences in an image quality that could have occurred due to the change of cut-off frequency.
Effects of changing filter cut-off frequency have been examined by the visual interpretation of transverse image slices of hot regions, Figure 3 −1 cut-off frequency, respectively. It has been found that images with a high cut-off frequency show more of hot region pairs and are also sharper evidencing the improvement in the region's detectability. For hot regions, higher frequency component in the image can be corresponded with higher radioactivity distribution. Thus, the Butterworth filter allowed passing the frequency that matched to a 0.45 cycles•cm −1 and suppressed the other frequency components which are assumed as noisy signals. On the other hand, the lower the cut-off frequency, the smoother the image, i.e., better appearance as shown in Figure 3(a) . However, a loss of resolution occurred in the image.
The cold region images shown in Figure 5 (a) and Figure 5 (b) are also investigated in terms of regions detectability and shape which were produced by using a 0.35 cycles•cm −1 and a 0.45 cycles•cm −1 cut-off frequency, respectively. Our results witness that with a higher cut-off frequency, i.e., 0.45 cycles•cm −1 four cold region pairs (the largest pair located at the sides opposite to each other at 180 o is not included) are viewed and spaced clearly. It has been reported that cold area is responsible for higher frequencies in the image data, i.e. rapid changes in the count density [18] [19] . From our findings, this holds true concerning the relevance of higher frequencies with the cold regions image. However, the drawback of using a high cut-off frequency is distortion of the shape of cold region (except the first pair from the top) which are in fact circular. Thus, in patient studies this effect would lead to misdiagnosis of the disease. Moreover, the higher cut-off frequency produces little grainy background in the image. The use of higher frequency filter retains the high frequency signals in the image thus it appears rougher [7] .
Furthermore, results show that, more hot regions were detected compared to cold regions, when a 0.45 cycles•cm −1 cut-off frequency was selected in the reconstruction process. Thus, the region detectability is better for hot regions relative to cold regions. In addition to that, it has been observed that higher cut-off frequency of Butterworth filter has the ability to detect smaller hot and cold regions than low cut-off frequency ). Overall, only a 2% to 3% increase in the contrast was achieved for those hot regions which were included in the contrast analysis. However, significant improvement (p < 0.05) in the contrast of 22.5 mm diameter cold region and conversely insignificant improvement (p > 0.05) of 18.0 mm diameter cold region with the use of a higher cut-off frequency relative to a lower cut-off frequency is achieved. This is due to the fact that, the frequency in image data is target organ dependent and if the target organs are different from each other (as in this case) and thus their image frequency characteristics too [2] . Furthermore, hot region con- 
Conclusion
Effects of Butterworth filter functions were investigated on transverse images of both hot and cold regions of similar view. It was found that, a 0.45 cycles•cm −1 cut-off frequency provides better results in terms of detectability for both types of regions i.e., hot and cold regions as well as high contrast values relative to a 0.35 cycles•cm −1 cut-off frequency. However, with a 0.45 cycles•cm −1 cut-off frequency the shape of cold regions was distorted. Our results confirmed that effects on image quality are different with the change of cut-off frequency which alters the image quality and thereby affecting quantitative analysis. Thus, prior to reconstruction of images, care should be taken in selecting a filter cut-off frequency, especially, when both types of regions (hot and cold) in the reconstructed image of a scanned object are expected.
